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Abstract. The relationshipbetweenfire-causedstem
girdling andgroundlinediameter(GLD) in loblolly pine
(Pinus taeda L.) wasdetermined.Resultsof 10 experi-
mentalprescribedbumsconductedacrossawiderangeof
ambienttemperatureconditionsduringboththedormant
andgrowingseasondemonstratethatlow-intensityback-
ing fires(< 346 KW/m) areaneffectivetool toeliminate
loblolly pines less than 3.8 cm (1.5 in.) GLD. Wide
differencesinambienttemperatureattimeof burningdid
not affect stemkill of unscorchedtreesin this study.
Virtually all fire-causedmortality tookplacewithin four
monthspostburn.Apredictivemodelthatexplained92%
of thevariation in mortalitywas developedto facilitate
the useof fire to thin young,overcrowdedloblolly pine
standsin the southeasternUnited States. Useof this
modelin conjunctionwithapreburnstandsurveyallows
estimationof the numberanddistribution of survivors
priortoignition.

Keywords:Fireeffects;Treemortality;Standdensitycontrol;
Georgia,USA

Introduction

More acreagein the southeasternUnited Statesis
managedfor loblolly pine (Pinus taeda L.) thanforany
other species. Good seedyearsoccur frequentlyand,
when coupledwith a receptiveseedbedand favorable
weather, result in overstockedstandscommonly re-
ferredto as“dog-hair”stands.Standsexceeding125,000
stems/ha(50,000stems/ac)at agefive are fairly com-
mon (e.g.,BalmerandWilliston 1973). Plantationscan
becomeovercrowdedif seedsare blown in from adja-
centstands.

Overly-densestandsof loblolly pineeventuallythin
themselves,but only after a substantialdecreasein
growth (Wahlenberg1960). If wood productsare a
managementobjective,growth reductiondue to intra-
specific competition is generally undesirable. The

higher the stand density, the soonergrowth will be
retarded. Haight and Smith (1991) used a dynamic
programmingmodel to demonstratetheeconomicad-
vantagesof thinning at an early age. Conradet al.
(1992)evaluatedinitial loblolly pinedensitiesof 1,200-
4,300/ha(484 to 1,742 trees/acre)at age30 and found
that wider spacingsconsistentlyproducedhigher eco-
nomic returns. MatneyandFaffar(1992)developeda
simulator that allows assessmentof growth and yield
differencesbetween thinned and unthinned planted
loblolly stands.Work by Baldwinet al. (1989)showed
selectivethinning from below will result in a better
growth responsein overcrowdedloblolly pine planta-
tions than will row thinning.

Traditional methods to thin overcrowdedstands
employ machines,chemicals,or hand-labor. But, in
theory, fire can producea thinning from below at a
fraction of the cost of thesealternativemethods. The
challengeis to translatetheory into operationalguide-
lines.

WadeandJohansen(1986)providea critical review
of the literatureanddiscussionof thevariableslikely to
be important in fire-causedsouthernpine mortality.
Theamount anddurationof energyreleasedby a fire,
flameheightin relationto treeheight,andthethickness
andinsulationpropertiesof thebarkprotectingthetree
bole appearto be major determinants. Plant tissueis
killed whenits temperatureexceedsthelethal threshold,
generallyconsideredto be instantaneousat about600C
(14FF). Total heatoutputof a fire is moreimportant
than peak fireline intensity in determining whether a
plant’s ability to dissipatea heatpulsewill be over-
whelmed. Residencetime (the time it takesa flame
zoneto passa stationarypoint) is thusprobablya better
indicator of potential basal stem damage in young
southernpinestandsthanfirelineintensity(Wade1986).

Becauseheading fires have longer flames than
backing fires, they result in more crown damage.
However,oncethe baseof the live crownexceedsthe
height of the flames,the probability of deathrapidly
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decreasesin southernpines. The higherthe baseof a
treecrown is aboveground, the greaterthe distance
fromflametip to crownandthusthemoreheatrequired
to raisethe temperatureof the foliage. Denseyoung
pine standsare prime candidatesfor crown damage
becausethe tightly packedfoliage drasticallyreduces
wind speedbeneaththe canopy,allowing flames to
standupratherthankeepingthembentover. Because
the baseof thelive pinecanopyis within a fewmeters
oftheground,thereis little spacebelowthetreecrowns
for theheatto dissipateandmix with coolerair before
reachingthefoliage. However,evencompletedefolia-
tionof vigorousyoungloblolly pinesdoesnotresultin
death,unlessit takesplacein early fall (Weiseet al.
1989),providing thereis no bud damage.Whenever
defoliation is accompaniedby bud damage(as indi-
cated by foliage charor consumption),mortality in-
creasesdramatically(Wade 1985). This differential
mortality betweenneedleloss andbud loss holdsfor
multi-nodalspeciessuchas southernpines wherethe
budsarealsolarger thanthe needlesin crosssection,
but not for pinesthathavefully preformedbuds,such
asjack pine (Pinus banksiana Lamb.)andscotchpine
(Pinus sylvestris L.); Craighead(1940)demonstrated
that thesetwo specieswill die if completelydefoliated
during the growing season.

Oncecrownclosureoccursin densesaplingstands,
herbaceousfuels quickly disappear.Pinecompetition
often keepsother woody vegetationfrom becoming
established. In such situations,low-intensity backing
fires consumeatleastasmuch fuel as heading,surface
fires, sototal heat-energyreleasefrom a backingfire
will at leastequalthat from a headingfire. Further-
more, the shorter flame envelopein backing fires
concentratesheatat the baseof a treestem.

Woodactsasa heatsink so treegirth is obviously
an importantfactor; but the thicknessandinsulating
efficiencyof thebarkwhich coversthestemcambium
is even more important. Hare (1965) related fire
resistanceof 14 southerntree speciesto bark charac-
teristics. He found loblolly pine to be more fire-
resistantthanany of the southernhardwoodstested.
Wahlenberg(1960) reportedthat suppressedloblolly
pineswere slowto developthick bark. McNab(1977)
measuredbarkthicknessafterawildfire backedthrough
a crowded loblolly pine stand and found a strong
positive relationshipbetweenthis variable and tree
survival. Bark thicknessmeasurementsare timecon-
suming,however,soaneasilymeasuredanalogof this
variable,suchasgroundlinediameter,wouldbehighly
desirable. Work in young slashpinewith no crown
scorehshowedbasalstemdiameterto be an excellent
indicatorof stemmortality (JohansenandWade1986)
for that species.

Severalstudies have reported increasedloblolly
pine survival with increasedstem girth (e.g., Wade
1985, Waldrop and Lloyd 1988) - the questionis
whether this relationship is robust enough to allow
developmentof ausefulpredictionmodel thatencom-
passesawide rangeof conditions.Byram(1948,1958)
statesthemost importantfactor in determiningcrown
damageis preburn vegetationtemperature,which in
turn dependsupon ambientair temperatureanddirect
solar radiation. Solar radiation cannotpenetratethe
canopyof denseyoungsouthernpine standsandthus
cannot directly heat the tree boles. Ambient air
temperature,on theotherhand,may playan important
role in determiningsurvivalof treessubjectedto fire.
Thehigbertheinitial fuel temperature,thelessheatthat
is requiredtobring thecambiumto its lethalthreshold.

Researchfindings addressedin this paperrelate
survivalof over4,000youngloblolly pinesto stemsize
andcrowndamageafter 10 low-intensitybackingfires
conductedacrossa wide rangeof ambienttempera-
tures.

MethodsandExperimentalDesign

Nine dormant-season(winter) bums(threereplica-
tionsof threeambienttemperaturelevelsin arandom-
izedblock design)were conductedin dense,young(<
age8) loblolly pine standson thePiedmontNational
Wildlife Refugelocated on the Lower Piedmontof
central Georgia, USA. A single late-summerbum
conductedin astandof thesameage,andapproximate
sizeanddensityon theadjacent1-litchiti Experimental
Forestwasincludedinpartoftheanalysis.Theamount
of fuel consumedby each fire was estimatedby
subtracting the average weight of six one-quarter
milacre, systematically located, fuel samples taken
postbumfrom six takenprebum. A minimum of six
ocularestimatesofflame lengthwererecordedforeach
fire. Rate of spreadwas calculatedby dividing the
lengthof aplotby thetime it took afire to traversethat
distance. Fireline intensity was calculatedusing the
relationshipestablishedbetween flame length and
fireline intensity(Nelson 1980).Residencetime (the
time it takesa flame zoneto passastationarypoint)
was visuallyestimatedandrecorded.

String lines were run througheach plot within 2
weeksafter each fire, and the first 700 trees with
groundlinediameter(GLD) larger than 0.3 cm (0.11
in.) but less than 7.6 cm (3.0 in.) and no apparent
prefire defect were tagged for future referenceand
placedin 0.25 cm (0.10in.) diameterclasses.Height
of bark charis of limited usein assessingdamagein
southernpines(WadeandJohansen1986)andthuswas
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not a criterionfor selectionas long as a treeoccurred
on burnedlitter. The studyplan calledfor halfof the
sampletreesto be free of crown damageand half to
havebeensubjectedto crownscorch between1% and
66%,but this desirecould notbe attainedin thefield.
Thereasonfor wanting a large sampleof unscorched
treeswas to allow two analysesof the relationship
betweenGLD andmortality, oneusingboth scorched
and unscorchedtrees,and oneusingjust unscorched
trees without having to considerany confounding
effectsof crown scorch. Treeswith foliage charredor
consumedby fire wereexcluded from the database.
Treatmentplots were resurveyedwithin four months
afterburningtoassessmortality,andall plotsincluding
the unburnedcontrols weresurveyedagain after the
first full postfiregrowing season.

Regressionwas usedto model theeffectsof GLD
on survival. Although the testis approximate,cova-
rianceanalysiswas usedto examinethe linearregres-
sion of survival on GLD for each dormant-season
treatmentseparatelyto get an ideaof whetherregres-
sion relationshipsdiffered amongtreatments.

Effects of ambient temperatureon survival of
unscorchedtreescould notbe addressedthroughstan-
dardanalysisof varianceor covariance(using fireline
intensity)becausesomediameter-classcellscontained
no,or few, treesandbecausethe variancewashetero-
geneous.The usualaresinetransformationof percent
survivaldidnotstabilizevananceamongtreatments.A
weightedanalysiswas tried to solve the problem of
highly variable seedling numbersused to compute
proportions,butthis approachcreatedotherproblems.
GLD classwidth wasthereforeincreasedfrom0.25 cm
(0.10 in.) to 1.3 cm (0.50 in.). Wideningclassrange
reducedthenumberof classesfrom 29 to 6 andthedata
wereanalyzedusing theselarger classes.

ResultsandDiscussion

Prescribedfires

Thesenaturally regeneratedstandscontainedbe-
tween5,190to 20,260/ha(2,100and8,200stems/acre)
(Table 1). Prebum forest-floor fuels which were
comprisedmainly of sloughedpine needles,weighed
from 5.81 to 9.32 tlha (2.59 to 4.16 tons/acre). Fuel
consumptionrangedbetween2.5and4.9t/ha (1.11and
2.18 tons/acre).

The 0.16ha (0.4ac)plots wereall burnedwith line
backfires: Three whenthe ambient temperaturewas
beween0 and70C (32 and450F)(treatment1), three
between11 and180C(52 and640F)(treatment2),and
threebetween21 and240C (70 and750F) (treatment
3) (Table 1). During the late-summerfire, ambient
temperaturewasbetween27 and280C (80 and820F)
(treatment4).

The firesburned100%of all plots excepttreatment
3 replicate2 wheretherelativehumidity was76%and
only about85% of the plot burned. Averageflame
lengthsrangedfrom about0.12 to 0.24 m (0.4 to 0.8
ft) on all but threeburns wherevariablewindsocca-
sionallyproducedflames0.91 to 1.22m (3 to4 ft) long.
Ratesof spreadrangedbetween0.27 and0.79in/mm
(0.9 to 2.6 ft/mm). Meanfireline intensity was less
than 346 kW/m (100 Btu/ftls) on eachfire (Table I).

Calculatedintensityof the two most intensefires
was more than double that of other fires (Table 1).
Both thesefires wereat ambienttemperaturetreatment
2, but neitherappearedto result in higher mortality
within treatment2 (Table 2). This resultsuggeststhat
fireline intensity may not be a good predictor of
mortality in denseyoung pine stands. The highest
fireline intensity was, in fact, associatedwith the the
secondshortestresidencetime. However,mortalitydid

Table1. Standandfire characteristics.

ForestFloor Ambient

Plot

Tree
Density

(Stems/ha)

FuelWeighs
Prebum Posthum

(sons/ha)
Bum
Date

Temp.
Range
(“C)

RH
Range

(%)
FlameLength

(cm)2

Residence
Time2

(seconds)
(

(KW/m)

Ti Ri1
Ti R2
Ti R3
T2 RI
T2R2
T2R3
‘P3 RI
T3 R2
T3 R3
T4R1

9,088
7.126

12,928
20.284

6,731
10,232
12,056
8,028
6,000
5,189

6.7 (2.l)~ 3.1 (1.0)
7.8 (2.0) 4.2 (1.7)
7.3 (1.6) 3.4 (1.9)
8.4 (2.9) 4.5 (1.4)
8.0 (3.3) 4.1 (1.4)
7.5 (2.6) 4.5 (1.7)
9.3 (2.1) 6.0 (2.6)
5.8 (1.3) 2.7 (0.9)
7.5 (3.1) 5.0 (1.6)
7.8 (1.6) 2.7 (1.6)

3115188
3/15/88
3/16/88
2/09/88
2/10/88
2/09/88
2/01/88
2/02/88
2/01/88
9/18/89

5-7
0-2
0-5

16-17
17-18
11-13
22-24
21
24
27-28

28-33
42-54
36-51
24-29
29-30
29-30
51-53
76
51-58
39-43

18 (ii)~
12 (06)
12 (04)
49 (33)
79 (67)
18 (06)
18 (05)
18 (05)
24 (Ii)
46

24 (O8)~
42 (34)
42 (13)
40 (26)
29 (08)
38 (14)
38 (17)
30 (13)
38 (18)

- -

73
28
28

173
342

28
28
28
48
80

Treatment, R Replication
2Average of all observations combined (6 or more observations on each fire).

First number is mean, second is standard deviation.
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Table 2. Mortality ofloblolly pine saplings in relation to extentof crown scorch and ambient air temperature at the time of burning.

Plot

Unscorched Trees 1-33% Crown Scorch 34-66% Crown Scorch 67-94% Crown Scorch

No.
% Mean GLD

Dead <7.6cm No.
% Mean OLD

Dead <7.6cm No.
% Mean GLD

Dead <7.6 cm No.
% MeanOLD

Dead <7.6cm

TIRi’
TI R2
TI R3
Sum/x

2

410
384
475

1269

48 2.8
30 2.5
26 2.8
35 2.8

hO
9
8

127

65 2.5
78 1.8
12 3.0
52 2.5

69
4
5

78

6i 2.8
100 1.5
40 2.5
67 2.3

T2RI
Y2R2
T2 R3
Sum/,~

504
160
386

1050

27 3.3
09 4.6
20 3.6
19 3.8

91
37
98

226

23 3.8
16 4.3
34 3.3
24 3.6

105
53

100
258

30 3.6
37 3.8
41 2.8
36 3.3

7

7

0 5.8

0 5.8

T3 RI
T3R2
~f3R3
Sum/x

354
349

55
758

23 3.8
15 4.1
13 4.6
17 4.i

70
132
60

262

48 3.0
34 3.6
27 4.1
36 3.6

76
uS
114
305

55 2.8
54 2.8
49 3.8
53 3.0

59
149
208

63 2.8
59 2.5
61 2.8

14 31 100 2.8 189 15 4.1 201 30 3.8 207 69 3.0

T Trealmens, R Replication
2 of stems / mean% and OLD.

notappearto beclearly associatedwith residencetime
either.Averageresidencetimesrangedbetween24 and
42 secondson thenine fireswheremeasurementswere
taken.

The numberof treesactuallyselectedon eachplot
rangedfrom 250 to 700 (Table 2), primarily because
someplots tendedto havemore treeslarger than 7.6
cm (3.0 in.) GLD due to the interaction between
microsite, seedling establishmentand subsequent
growth. Fewerthan 100 unscorchedtreeswere found
on two plots, so trees with higher levels of crown
scorch(but no crownconsumption)werealsoincluded
on thoseplots. All measurementtreeswereallocated
to one of six crownscorch classes(none, 1-33%, 34-
66%, 67-94%,95-99%, or 100%) (Table 3).

Mortality
Unburnedcontrol plots were checkedfor natural

mortality during the final survey. Although a few dead
treeswere noted,nonewere found with a GLD larger
thanthe thresholdvalueof 0.3 cm (0.11 in.). Thusall
mortality on the treatmentplots wasassumedto result
from the fires.

It hasbeenthe author’sexperiencethat direct fire-
causedmortality of young southernpines almostal-
waysoccurswithin thefirst yearafterburning,and this
provedto be thecaseon theseburns. A few additional
treesdiedbetweenthe first andlast survey,virtually all
with signs of insectdamage. No signs of secondary
pests,suchas barkbeetles,werenotedon the live trees
during the final survey. Few treesbetween5.1 and 7.6
cm (2.0and3.0 in.) OLD occurredon treatment1 plots,

so the meanOLD was less on theseplots. This fact
mayexplain the highermeanmortality associatedwith
TreatmentI treesacrossall scorch levels (Table 2).

The total numberof treesandpercentmortality by
scorch classand OLD class for the four treatments
(replicationscombined)aregiven inTable3. Thefires
killed all stemsless than 0.8 cm (0.31 in.) GLD and
sparedmoststemslarger than 5.1 cm (2.0 in.) GLD.

Modeldevelopment
Severalmodelswere testedto predictsurvival of

unscorchedtreesas a function of GLD. First, linear
and quadraticregressionsweredevelopedby treatment.
The summerburn did not yield enough unscorched
trees to warrant inclusion. Results of covariance
analysisusingtheseindividual treatmentmodelssug-
gest that ambient temperaturesassociatedwith dor-
mant-seasonfires had no effecton mortality.

Next, a single quadraticregressionpooling data
overtreatmentswastried. Thismodel produceda good
fit, explaining 90% of the variability in mortality.
However, the model illogically underpredictedtree
survival with largevaluesof OLD. ThereforeSAS
procedureNEIN (SAS InstituteInc. 1985)was usedto
fit a nonlinear regression equation utilizing the
Mitscherlich function (Snedecor1968). The upper
asymptotewasset at 1.0 to represent100% survival.
This model explained92%of thevariation in survival
butdepressedthecurveat highvaluesof OLD because
of its asymptoticcharacteristics.Settingtheupperlimit
at 1.1 corrected the problem and produceda higher
coefficientof determination,but is illogical because
100% survival is the maximum that can be achieved.
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Table 3. Fire inducedmortality in loblolly pine by crown scorchand groundline diameter (GLD).

0% Crown Scorch

GLD Class

0.28- 1.27cm
1.30-2.54cm
2.56-3.81 cm
3.84 -5.08cm
5.11 -6.35 cm
6.38-7.62cm

Treatment 1
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment 4
% Total

Dead No.

87% (93)
58% (478)
13% (479)
07% (210)
0% (4)

83% (23)
67% (212)
15% (390)
03% (306)
01% (101)
0% (18)

91% (11)
69% (125)
16% (253)
03% (205)
0% (107)
0% (57)

0% (18)
0% (5)
0% (5)
0% (2)
0% (1)

01 - 33% Crown Scoreh

C3LD Class

0.28-1.27cm
1.30-2.54cm
2.56-3.81 cm
3.84 -5.08 cm
5.11 -6.35cm
6.38-7.62cm

Treatment 1
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment 4
% Total

Dead No.

100% (14)
85% (59)
37% (30)
17% (23)
0% (1)

100% (11)
76% (38)
19% (84)
03% (71)
0% (20)
0% (2)

92% (13)
75% (68)
33% (85)
08% (48)
0% (27)
0% (21)

22% (36)
23% (47)
12% (52)
10% (41)
0% (13)

34 -66% Crown Scorch

GLD Class

0.28- 1.27cm
1.30-2.54cm
2.56-3.81 cm
3.84-5.08cm
5.11 -6.35 cm
6.38-7.62cm

Treatment I
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment 4
% Total

Dead No.

100% (9)
88% (34)
32% (19)
25% (12)
0% (4)

100% (13)
76% (70)
27% (88)
06% (65)
09% (22)

100% (30)
80% (92)
40% (89)
11% (53)
0% (25)

12% (16)

100% (1)
84% (32)
30% (82)
15% (47)
0% (28)
0% (11)

67 - 94% Crown Scorch

GLD Class

0.28- 1.27cm
1.30-2.54cm
2.56-3.81cm
3.84 -5.08 cm
5.11-6.35cm
6.38 -7.62cm

Treatment 1
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment 4
% Total

Dead No.

0% (1)

0% (4)
0% (2)

100% (8)
92% (52)
59% (42)
29% (24)
0% (11)
0% (15)

100% (3)
95% (81)
73% (74)
20% (35)
09% (11)
0% (3)

95 - 99% Crown Scorch

OLD Class

0.28-1.27cm
1.30-2.54cm
2.56-3.81cm
3.84 -5.08 cm
5.11-6.35cm
6.38 -7.62cm

Treatment I
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment 4
% Total

Dead No.

100% (2)
94% (78)
89% (88)
73% (30)

100% (3)

100% Crown Scorch

GLD Class

0.28- 1.27cm
1.30-2.54cm
2.56-3.81 cm
3.84-5.08cm
5.11 -6.35 cm
6.38 -7.62cm

Treatment I
% Total

Dead No.

Treatment 2
% Total

Dead No.

Treatment 3
% Total

Dead No.

Treatment
% Total

Dead No.

100% (4)
100% (99)
100% (81)
100% (5)
100% (4)

A segmentedpolynomialutilizing asecond-degree
polynomialto describethedataupto aGLD of 5.4cm
(2.12in.) andalinearmodelbeyondthatpointgavean
accuraterepresentationof the data basebut is need-
lesslycomplicated. Themodelcould besimplifiedby
justusing thatportion of the dataset between0.8-5.4
cm(0.31and2.12in.) GLD wheremortalityorsurvival
were in question. This modelpredicts10% and90%

survival GLD thresholdsat 1.1 and3.9 cm (0.43 and
1.52 in.), respectively. The 90% survival threshold
usingthis model occurredat the sameGLD reported
by McNab (1977) for a low-intensity wildfire that
backedthrough a loblolly pine stand. Wade(1985)
assessed31 youngloblolly pineplantationsafterwild-
fires andfoundsurvivalof treeslargerthan4.1 cm (1.6
in.) OLD wasabove90%when-crown scorchwas less
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than 75%. Waldrop andLloyd (1988) noted similar
responseswhendbh exceeded2.0cm (0.8 in.) but they
did not measureOLD’s. JohansenandWade(1986)
determinedthat3.8cm (1.5 in.)GLD isagoodsurvival
thresholdfor slashpine(Pinus elliotti Engeim.)aswell.

However,becausea major objectiveof the study
was to develop a prediction model useful for other
fires, I chosethe nonlinearasymtoticregressionmen-
tioned earlier even though it was moreconservative.
This model predicts10% survival at a GLD of 1.0cm
(0.38 in.) and90% survival at a OLD of 4.4 cm (1.75
in.). Theequationis:

Prob.survival = 1- (1 .84066)*(0.19101)**(GLD/2,54)
if GLD is greaterthan 0.94 cm (0.37 in.)

— 0 otherwise.

Thepointsusedtofit themodel,theequationin SI units,
andaplotof predictedvaluesareshown in Figure1.

1.2

1.0

0.8 -

0.6 -

0.4

0.2 -

0.0 -

Trees without crown scorch
Looking at the 3,103 treesthat comprise the 0%

crownscorchclass(Table3),onecanseethatdormant-
seasonfires stem-killed at least83% of the treesless
than 1.3 cm (0.51 in.) but less than 07% of the trees
larger than3.8cm (1.50 in.). Including treeslessthan
0.3 cm (0.11 in.) GLD to enlarge and equalizethe
diameterrangewithin thesmallestclassto0.03-1.3cm
(0.01-0.50in.) would increasethe percentmortality
associatedwith this cell becauseall such stemswere
killed by the fires. Differences in percent survival
among dormant-seasontreatmentswithin diameter
classesweregenerallyless than5% (maximum11%).
Thisresultsupportsthecovarianceanalysisconclusion
that mortality of unscorchedloblolly saplingsdid not
differ amongtheambienttemperaturelevels testedin
this study.

This finding is troubling. As ambienttemperature
increases,the amount of heat energy a fire must

3 4
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Figure 1. PREDICTED LOBLOLLY PINE SURVIVAL
FROM BASAL DLAMETER.
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provide to reach the lethal plant tissuethresholdde-
dines. It shouldfollow that thesizeof treeskilled will
increasewith increasesin ambienttemperatureif en-
ergy releasefrom fires is held constant. Becausethe
presenceof bark char was not a prerequisite for
selection andrecordedflame lengthswere as low as
0.06 m (0.2 ft), somestemsmay in fact not havebeen
subjectedto measurableheatstress even though the
forest floor surroundingthe bole was blackened. Or
perhapstheheatreleasefrom eventheselow-intensity
fireswas largeenoughtooverridetheeffectof ambient
temperaturedifferences. I don’t think the fact that
thesesuppressedtreesmay havehad thin bark wasthe
only reason,becauseif so, thereshouldnot havebeen
unequalmortality beweenseasons.

Noneof the31 unscorchedtreesin the late-summer
treatmentdied (Table 3). This result wasunexpected
becauseup to 69% of theunscorcheddormant-season-
fire treesin the samediameterclassesdied. Increased
summersurvival may bedue,at least in part, to higher
bark moisture content during the growing season.
Althoughnotconfirmedin southernpine,onesouthern
species where this relationship was studied,
Liriodendron tulipifera L., had significantly higher
bark moisture contentduring the summerthan in the
winter (Phillips and Schroeder1973). Martin (1963)
reportedthat thermalconductivity and specific heatof
bark increasewith increasedmoisturecontentbut that
moisture has little affect on thermal diffusivity. As
crown scorch increases,the mitigating influence of
increasedbark moisture contentduring the growing
seasonbecomesless important. It is possible,but in
my estimation highly unlikely, that the stemswere
girdled,andphloemconnectionsreestablishedin time
to prevent death. Although this possibility was not
specifically addressedin the present study, visual
indicators of callusgrowth werenot observed. Work
by GreeneandShilling (1987)showedcell division in
loblolly pines lessthan 10 cm (4 in.) OLD wasnot fast
enoughfor callus tissueto bridgestemgirdles caused
by a propane-fueledfire simulator.

All trees
Inspectionof the full dataset including treeswith

crowndamagerevealsthat, as expected,highestmor-
tality is associatedwith greatestcrown scorch. Mea-
surementtreesthat exhibitedcompletecrown scorch
butnocrownconsumptionwereonly recordedafterthe
September18th fire. All 193 treeswith 100% crown
scorch in the late-summertreatmentdied irrespective
ofdiameter.This finding agreeswith resultsof a study
conductedto assessthe relationshipbetweencrown
defoliationandseasonof treatmenton young loblolly
pines (Weise et al. 1989).

Table4 wasproducedby combiningtreatmentdata
in eachof thefirst four crown scorchclasses.Percent
mortality increasedascrown scorchincreased,except
in the two largestGLD classes,wherethe numberof
measurementtrees in the affected cells was small.
Virtually all trees less than 1.3 cm (0.51 in.) GLD
succumbedif they exhibited evena small amount of
crown scorch.

The ability to preselectburning conditionsto pro-
ducea given crown scorch height would allow pre-
scribedburnersto decide whatsize treesto put under
various levels of stress. Tablesbasedon an equation
developedby Van Wagner(1973) thatpredictscrown
scorch height prior to ignition are given in the fire
behaviorprediction systemBEHAVE (Andrews and
Chase1989). Burrowset al. (1989)developeda model
to predict scorch height from fireline intensity and
found it predicteda higher scorch height for a given
intensity in comparison to Van Wagnersequation.
They attributethis differenceto thesignificantamount
of coarsewoody fuels(tops,limbs andlogs)consumed
in their fires which were conductedin radiata pine
(Pinus radiata D. Don) plantations. Large woody
debris is not taken into account in Byrams fireline
intensityequation.Sincethe validity of VanWagner’s
relationship for use in southernpine has yet to be
demonstrated,I recommendonenot use theBEHAVE
tables,especiallyin young standswheresmall differ-
encesin scorchheight can havemajor consequences.

Table4. Fire inducedmortality in loblolly pineby crownscorchand groundlinediameter(all tTeatmentscombined).

GLD Class

0%Scorch
% Total

Dead No.

01 -33%CS
% Total

Dead No.

34-66%CS
% Total

Dead No.

67-94%CS
% Total

Dead No.

0.28-1.27cm 87(+06)’ 127 97(+07) 38 100 53 100 11
1.30-2.54cm 61(+03) 833 69(+06) 201 81(+05) 228 94Qs.04) 133
2.56-3.81ens 14(+02)1127 27(+05) 246 33(+05) 278 68(±08) 117
3.84 -5.08cm 04(+01) 726 08(+04) 194 ll(+04) 177 24(+11) 59
5.11 -6.35cm 0 214 05(+05) 89 03(+04) 79 04(+09) 26
6.38-7.62cm 0 76 0 36 07(+11) 27 0 20
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Table5. Fire inducedmortality in loblolly pineby treatment andgroundlinediameter(crown scorchclassescombined).

Treatment1 Treatment2 Treatment3 Treatment4 Treatment4
SC 1-3 SC1-3 SC1-3 SC 1-3 SC1-5

% Total % Total % Total % Total % Total
GLD Class Dead No. Dead No. Dead No. Dead No. Dead No.

0.28- 1.27cm
1.30-2.54cm
2.56 -3.81 cm
3.84- 5.08cm
5.11 -6.35cm
6.38-7.62cm

90(+06)t 116
63(+03) 571
15(+03) 528
09(+03) 245

0 9
0 0

91(+09) 47
70(+05) 320
17(+02) 562
03(+01) 442
02(+03) 143
0 20

96(+06) 54
74(+05) 285
25(+04) 427
05(+02) 306
0 159

02(+03) 94

100 1
41(+10) 86
27(+07) 134
12(±06) 104
06(+06) 71
0 25

100 6
76(+05) 245
57(+05) 296
25(+06) 169
09(+06) 85
0 28

Percentmortality (95% confidencelimit).

Crown scorchdatawithin treatmentsarecombined
in Table5. Thetreatment4 databaseispresentedtwice
in Table5: 1) usingjust treesin scorchclasses1-3 to
make it comparablewith other treatments,and 2)
including all trees except those in scorch class 6
(completedefoliation). Over90% of the 223 loblolly
pinessmallerthan 1.3 cm (0.51 in.) OLD died irrespec-
tive of ambienttemperatureat the time fire treatments
wereapplied. Inspectionof TableS showsthatpercent
mortality increasedas ambienttemperatureincreased
following dormantseasonburnsin the threesmallest
sizeclasses.However,becausemostconfidenceinter-
vals overlapped,thestatisticsuseddo not substantiate
this visually apparenttrend.

Whenall datawerecombinedwithin GLD classes
(Table 6), 95% of the 1,618 treeslarger than 3.8 cm
(1.50 in.) GLD survived and 98% of the 521 trees
larger than 5.1 cm (2.0 in.) survived. Thesefigures
agreewith results of a study conductedin Louisiana
that usedsimulatedfires (Greeneand Shilling 1987).
Theydeterminedloblolly pine standswith treesat least
5 cm (2 in.) GLD could be safelyburnedif fireline
intensitywasless than 100 kW/m (29 Btu/ft-sec)and
severecrown scorch avoided.

Firing Technique

Only backing fires were used in this study. Al-
thoughthey takelonger to conductandare thusmore
expensive,theyareless likely to consumetreecrowns
andthusshouldbepreferredundermostcircumstances

Table6. Fireinducedmortalityin loblolly pineby groundline
diameter(all treatmentand crownscorchclasses1 -3 com-
bined).

OLD Class
D

Dead
Total
No.

0.28-1.27cm 91 218
1.30-2.54cm 66 1262
2.56-3.81cm 19 1651
3.84-5.08cm 06 1097
5.11-6.35cm 02 382
6.38 -7.62cm 01 139

whenusing fire to thin overstockedyoung pinestands.
One doesnot want small treecrownsto burn because
they are likely to act as ladderfuels allowing flames
to severelyscorch,if not ignite thecrownsof intended
crop trees. Summerheadfires,in particular,shouldbe
avoided in young stands unlessthe objective is to
eradicate the pine understory,such as for habitat
improvement around red-cockadedwoodpecker
(Picoidesborealis) cavity trees.

Wind-driven wildfires sometimesrace through a
young stand prior to crown closure,killing just the
smallesttrees,but the burning window under which
this happensis narrow andbeyondour presentcapa-
bilities to prescribewith confidence. Moreover, in-
spectionof suchstandsoften revealsbud damageand
cambial kill on the lee side of the survivors (e.g.,
DeCosteet al. 1968). High levels of crown scorch
temporarily retard loblolly pine growth (Wade and
Johansen1986,WaldropandLloyd 1988,Weiseet al.
1989). Althoughmanagersmight be willing 10accept
reducedpostfiregrowth for a yearor two to achievea
low-costthinning from below,I recommendminimiz-
ing this possibility by usingbackingfires understrong
persistentwinds.

Conclusions

Ten experimentalburns(nine dormantseasonand
one late-growing season)were conductedto test the
operationalpotential of thinning denseyoung loblolly
pinestandswith fire. Over5,000treesbetween0.3cm
(0.11 in.) and 7.6 cm (3.0 in.) OLD were assessed.
Virtually all 1,642 treesthat died following these 10
fires did so within the first four monthspostburn.

Burnswereconductedacrossa 280C(500F) range
of temperatures.Although percent mortality in the
smallestthreesize classesincreasedas ambient tem-
perature increasedfollowing dormant-seasonburns,
this trend wasnot substantiatedby statisticsbecause
confidenceintervals overlapped. This lack of effect
was unanticipatedand will require further study.
However, this result alsosimplified mode]building to
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predict mortality. A nonlinearasymtotic model was
fitted to the 3,100trees in the zero-scorchdormant-
seasondatabasewhich explained92% of thevariation
in mortality. It predicted 90% mortality and 90%
survival GLD thresholdsof 1.1 cm (0.43 in.) and4.5
cm (0.76in.), respectively.Including treeswith crown
scorchhad little effecton thesethresholds.

Survival of treesfollowing thelategrowing-season
burn differed dramaticallyfrom that following winter
bums. Up to 69%of theunscorchedtreesin diameter
classeslarger than 1.3 cm (0.50 in.) GLD died in the
dormant-seasonfircs, whereasall treesthat escapedthe
mid-Septemberfire without crowndamagesurvived.
On theotherhand,treessubjectedto thelategrowing-
seasonfire that exhibitedcompletecrown scorchand
no apparentbud damageall died. This suggeststhat

thebolesofphysiologicallyactiveloblolly pinemaybe
moreresistantto late-growingseasonfire butthat their
crownsare not. Resultsof this studydemonstratethat
low-intensity(<346KW/m) backingfirescanproduce
a thinning from belowwhere theGLD rangein over-
stockedloblolly pine standsis wide enoughto allow
differential survival and wherethe trees targetedfor
removal haveGLD’s less than3.8cm (1.50in.). The
number anddistribution of thesurvivors can be esti-
matedbeforethebum. Suceessor failure canbejudged
ratherquickly aftera fire from crownconditionof the
trees.
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